Plant growth promotion properties of bacterial strains isolated from the rhizosphere of the Jerusalem artichoke (Helianthus tuberosus L.) adapted to salt-alkaline soils and their effect on wheat growth.
Abstract:
The Jerusalem artichoke (JA; Helianthus tuberosus), known to be tolerant to salt-alkaline soil conditions, has been cultivated for many years in the Yellow River delta, Shandong Province coastal zone, in China. The aim of our study was to isolate nitrogen-fixing bacteria colonizing the rhizosphere of JA and characterize other plant growth promotion properties. The ultimate goal was to identify isolates that could be used as inoculant benefiting an economic crop, in particular for improving wheat growth production in the Yellow River delta. Bacterial strains were isolated from the rhizosphere soil of the JA on the basis of growth on nitrogen-free Ashby medium.
Identification and phylogenetic analysis was performed after nucleotide sequencing of D r a f t
Introduction
Bacteria colonizing the plant rhizosphere that are displaying a beneficial effect on plant productivity are referred to plant growth-promoting rhizobacteria (PGPR) (Kloepper and Schroth 1978) . PGPR were shown to stimulate plant growth by various means, including, among others, biological nitrogen fixation, phosphate solubilization, phytohormone production (such as IAA; indole acetic acid) (Boddey and Döbereiner 1995; de Souza et al. 2015; Dobbelaere et al. 2003 ) and tolerance to adverse stresses such as flooding, salt stress and water deprivation (Yang et al. 2009 ).
Wheat is one of the most important cereals worldwide for human diet. Although wheat is extensively cultivated in the area of Yellow River Delta, its area of cultivation is limited due the excess of salinity and alkalinity of soils. The "Bohai sea granary programme" that was recently launched in China has for objective to better exploit the salt-alkaline land for cereal cultivation. For this reason, we have planned to isolate and identify bacterial strains from the rhizosphere of a salt tolerant plant, the Jerusalem artichoke (JA) Helianthus tuberosus (Tassoni et al. 2010) , to further study if some of the isolates can benefit wheat growth. The choice of the JA is based on the following criterion:
i) JA is a plant particularly well adapted to dry and poor soils and displaying some tolerance to salinity excess. So JA is cultivated on a large scale in China, in particular in the Provinces of Shandong, Heilongjiang, Shanxi, and Jiangsu.
ii) JA is considered as an extremely efficient crop due to its low nutritional requirements (Matías et al. 2013 iii) There exists a large amount of salt-alkaline soils in Yellow River delta, China (Guan Yuan-xiu 2001) . JA, which has been cultivated for many years in the delta, may have favored, in its rhizosphere, the establishment of a unique microbial community structure with different genetic and physiological characteristics, including efficient PGPR bacterial strains.
iv) Several recent reports deal with the diversity of rhizobacteria associated with JA with respect to nitrogen fertilization or soil salinity (Meng et al. 2012; Yang et al. 2016 ) as well as rhizobacteria associated with sunflower (Helianthus annuus L),
another member of the Compositae family of economic importance (Ambrosini et al. 2012; Forchetti et al. 2007 ).
We report here on the isolation of nitrogen-fixing bacteria from the rhizosphere of JA and on the determination of some of their PGP traits as well as on the effect on JA and wheat growth. Among the 11 strains isolated on the basis of colony formation on nitrogen-free medium, only six were unambiguously capable of fixing nitrogen as determined by the acetylene reduction test. Three strains belonging to the genus
Sample collection
Rhizosphere soil samples were collected in September 2012 from JA germplasm breeding test site of coastal zone (37.60°N, 118.82°E). Five different plants were dug out to collect the rhizosphere soil from the root surface and 1 g of each sample was immediately stored in a cooling box at 4 °C for further isolation and analysis.
Determination of available N, Olsen-P, Olsen-K, organic carbon, salinity and pH of soil samples were performed (Kızılkaya 2008) .
Isolation of rhizospheric bacteria
Each sample was aseptically transferred to an Erlenmeyer flask with 90 mL of sterile water and shaken at 150 rpm for 30 min. Then, the suspensions were serially diluted in a proportion of 1:10 up to 10 7 in sterile distilled water from each sample, and 100 µl of each dilution was coated in triplicate on N-free Ashby medium agar plates (Kızılkaya 2008 (RH 1972) , and bacteria were incubated for 4 h at 28°C. The amount of ethylene (C 2 H 2 ) produced was measured using a gas chromatograph fitted with a flame ionization detector (Agilent 7890A).
The protein content of the samples was determined by standard method (Bradford 1976 ). Un-inoculated tubes served as the control. ARA was expressed as nmol of C 2 H 2 mg protein -1 h -1 .
Determination of indolic compounds production
Strains were inoculated in triplicate in Erlenmeyer flasks containing 30 ml sterilized combined carbon medium (CCM) (Rennie 1981) (Pikovskaia 1948) . The strains were inoculated in triplicate and incubated at 200 rpm for 10 days at 28°C. Uninoculated PVK medium was used as a control. Afterwards, 5 ml of the cell suspensions were centrifuged (11,180g) to remove cells, and the supernatant was then used to measure the pH and to determine soluble P released into the solution by using molybdate blue colorimetric method (Fiske CH 1925) .
Genotypic characterization and identification of PGP strains
Bacterial strains were grown in LB medium. DNA was extracted using the Tiangen™ Bacterial Genomic DNA Kit according to manufacturer's instructions. (5' AGA GTT TGA TCC TGG CTC AG 3'). The PCR products were identified by 1.0%
agarose electrophoresis and commercially sequenced by Sangon Biotech. The resulting nucleotide sequences were compared with those deposited in the GenBank database. A phylogenetic tree was constructed by using neighbor-joining method using MEGA 5.0 based on the16S rDNA gene fragments and evaluated by the bootstrap method with 1000 replicates (Tamura K 2004) .Furthermore, the pairwise distances matrix of evolution were calculated following the Kimura-2 parameter distance model (Kimura 1980) .
Determination of salt tolerance
Some PGPR, like Enterobacter, have ever been reported to have maximal tolerance concentration (w/v) of 7% NaCl (Dastager et al. 2009 ). The salt tolerance of isolated strains was assayed by looking for growth in LB medium whose NaCl concentration was adjusted from 1 to 10% (W/V), respectively. The strains were inoculated at 37˚C for 16h, prior measurement of OD at 600nm. Standard LB broth was used as the control.
Plant growth assay
Selected small H. tuberosus tubers of roughly the same size and seeds of wheat were surface sterilized using 95% ethanol for 30s, followed by 0.2% HgCl 2 for 5 min.
Then tubers and seeds were washed 6 times with sterilized distilled water, transferred isolate in a completely randomized block design. All pots were maintained in a controlled growth greenhouse adjusted to 12 h photoperiod at 26 ± 2°C and were watered appropriately with sterilized distilled water. Plants in pots were harvested 70 days after sowing. The whole plants were dried to a constant weight in an oven at 65°C. Shoot and root weight, shoot height of every JA plant were measured. And every wheat plant was measured for the dry shoot biomass.
Statistical analysis
The results were subjected to analysis of variance (ANOVA). For multiple comparisons, the data were analyzed by Tukey test using SPSS 19. Statistical significance of differences was considered at P<0.05. Mean value and the standard errors were computed.
D r a f t

Results
Isolation of bacteria from the Jerusalem artichocke rhizosphere and phylogenetic analysis
Plant rhizopshere is known as a carbon rich-nitrogen limiting environment that that may provide an ecological niche favouring colonization of the root system by nitrogen-fixing bacteria (Döbereiner, 1974) . This is why, as a primarily screening strategy, the N-free Ashby medium was used to isolate putative nitrogen-fixing Table 1 . The soil quality in this plot of Yellow River Delta is rather low.
The nucleotide sequence of the 16S rDNA fragment obtained for each isolated strain was compared to 16S rDNA sequences in the GenBank database using BLAST.
Formal species identification will require further analysis and at this stage we have only indicated the highest match observed ( Table 2 ). The 11 isolates can be categorized into 4 main groups. The majority of the isolates (7 strains) were closely related to gamma Proteobacteria of the genera Enterobacter or Klebsiella, and two strains were related to firmicutes belonging to the Bacillus genus (Table 2 and (Table 3) . These six strains were considered as nitrogen fixers and were kept for further study. All exhibited inorganic phosphate solubilizing activity but the only one of them, the Enterobacter sp. N10 displayed tryptophan-dependent indolic compound production (Table 3) . Meanwhile, it was checked that the growth of the six strains resulted in a notable acidification of the medium, and pH of the culture supernatant showed a significant decrease compared to the control decreased from 6 to 4.3~4.5.
Determination of salt (NaCl) tolerance
D r a f t
An excess of salt is a deleterious for crop productivity. All the strains isolated in this work are indigenous of the rhizosphere soil of a plant growing in salt-alkaline soil.
The chemical and physical characteristics of soil show heterogeneity depending on depth and plant root system. In particular, the rhizosphere differs from the bulk soil (Hinsinger et al. 2009 ). The salinity of the rhizosphere soil sample was moderate in the range of 0.4% with a pH of 8.15. Enterobacter was reported to have maximal tolerance concentration (w/v) of 7% NaCl (Dastager et al. 2009 ), so we design a series of salt concentration adjusted from 1% to 10% to evaluate the salt tolerance of these strains. The six nitrogen-fixing strains can tolerate much higher saline concentration, and all showed growth, which are similar to the growth when cultured in medium lower than the concentration of 4% NaCl (data not show). Although they all show growth in the concentration of 4 and 5% NaCl, none could grow in media containing 9% or more (Fig. 2) . At a NaCl concentration of 7%, all the strains, except N11 displayed significant growth ability. While the salt concentration increased to 8%, only N9 and N10 keep the state of growth. Overall, the Enterobacter sp. N9 and N10 seem to have the biggest potential to tolerate high salt concentration.
Effect of bacterial inoculation on plant growth of H. tuberosus and wheat
The plant growth promotion ability of the six strains was first assayed on JA (Fig 3) .
A significant difference was observed in the plant growth of inoculated and non-inoculated treatments. Among the inoculated treatments, only Enterobacter sp.
N10 significantly improved the shoot dry weight and height with an increase by 29.2% D r a f t 13 and 16.8%, respectively. With respect of the dry root biomass, a significant increase was observed after inoculation of the Bacillus sp. N1, the Klebsiella sp. N7 and the Enterobacter sp. N10 and N11, and N10 resulted in the maximum with an increase by 58.6%, followed by N1, N11, N7. All the isolates except N9 improved the shoot-to-root ratio (S:R), and plants inoculated with N10 ranked the top S:R. It appears that among the six nitrogen-fixing strains isolated from the rhizosphere of JA, four could benefit JA growth to some extent, and Enterobacter sp. N10 showed the best performance.
We incubated wheat with the six strains isolated from JA, and test their promoting effects on the growth of wheat. In terms of wheat, only N10 contributed to a statistically significant shoot weight increase by compared to the control (Fig. 4) . N1, N7 decreased shoot dry weight without any visible damage or eliciting symptoms of plant disease.
Discussion
Compared with the bulk soil, plant rhizosphere is abundant in nutrients because of the accumulation of various organic compounds released from roots by secretion, exudation and deposition (Curl and Truelove 1986) , which forms a preferential niche for a variety of microorganisms in the soil. In this study, six culturable nitrogen-fixing bacterial isolates were characterized from the rhizosphere soil of JA, which were subdivided into three genera based on 16s rRNA gene sequences: Enterobacter (3 strains), Klebsiella (2 strains), Bacillus (1 strain). These genera are commonly found 1995) . Meanwhile, Enterobacter was found to be one of the most abundant putative nitrogen-fixing and plant growth-promoting rhizobacteria of rice and sunflower (Ambrosini et al. 2012; Souza et al. 2013 ).
In a recent report of wheat inoculation, strains of Bacillus spp. and Pseudomonas spp. were preferentially used to Enterobacter which was not be best performer (Nadeem et al. 2013) . But, in this work we observed that the isolated Enterobacter strains performed better than the Bacillus strains. Bacillus and Enterobacter were reported to be the efficient phosphate solubilizing genus (Shahid et al. 2012 ), and we found that the Klebsiella, isolated during this work, also has the ability. The Bacillus sp. N1 and the Klebsiella sp. N7 and N8 isolated in this work, are the best performers, in vitro, in term of nitrogen fixation efficiency and phosphate solubilization. However, none of them resulted in a significant increase in promoting the growth of wheat compared with the control. Thus, there was no correlation between these PGP traits assayed in vitro and the effect on plant growth.
In the case of the nitrogen fixing Azospirillum, it was reported that inoculation of maize, sorghum, and Setaria grass did not show substantial N 2 -fixation in greenhouse studies (Okon and Labandera-Gonzalez 1994; Dobbelaere et al. 2003 ).
IAA production is another important trait of PGPR. Increasing evidence has indicated that IAA secreted by the diazotrophic bacteria plays an important role in promoting plant growth (Dobbelaere et al. 2003) . In the infertile soil, nutrients availability is poor and not sufficient to meet the optimal growth of the plant. Thus, it is a critical issue for plant to absorb nutrient efficiently from soil by developing their root system (Richardson et al. 2009 ). Indeed, IAA-producing rhizobacteria can promote the growth of plant by increasing the length of root and enhancing total root surface and root volume, resulting in a better nutrition of the plant having access to D r a f t more essential nutrients from the soil (Kapulnik et al. 1985; Okon and Labandera-Gonzalez 1994; Dobbelaere et al. 2003; Shaharoona et al. 2008 ).
Considering the conditions used for the plant tests, where the levels of available N and Olsen-P in vermiculite soil are significantly lower than that reported in fertile soils, it appears that Enterobacter sp. N10, which is performing best with plants is also the best IAA producer. Strian N10, in addition, displayed relatively high nitrogen fixation and phosphate-solubilizing activities in agreement with its higher performance on plant growth. This might imply that relatively higher nitrogen-fixing and phosphate-solubilizing activities established a nutrient-richer condition, in which IAA stimulated the growth of the roots and enabled the plants to access more essential nutrient for the need of plant growth.
Excessive soil salinity is an important stress factor known to limit the plant growth and crop yield (Yang et al. 2016 ), but halotolerant rhizobacteria play a role to alleviate the negative effects of salinity (Ahmad et al. 2011) . This is why tolerance to salt was an important criteria to identify appropriate rhizobacteria to implement inoculation assay of wheat in the Yellow river delta. Enterobacter sp. N9 and N10 displayed the highest halotolerance among the assayed strains. It has been reported that plant growth regulators, including IAA, can considerably promote plant growth under salt condition (Egamberdieva 2009 ). This is why it is expected that Enterobacter sp. N10
which showed significant IAA production ability appears as the most promising in future plant assays under saline conditions. Similarly, ACC-deaminase activity (Rajput et al. 2013 ) and exopolysaccharide production (Upadhyay and Singh 2015) D r a f t 17 were reported to play a role in the tolerance of salt and these properties should be further studied with Enterbacter sp. N10.
In conclusion, Enterobacter was the dominant genus and Enterobacter sp. N10 appears as the best PGPR for H. tuberosus and wheat. Meanwhile, if it appears important to select strains presenting PGP traits, there is no guarantee that isolated strains showing these desirable traits will benefit plant growth in greenhouse experiment. Nitrogen fixing activity and phosphate solubilizing activity may be not as pivotal as we previously expected. In contrast, more attention should be paid to production of IAA, which may well play a most significant role as a vital regulator in promoting plant growth. It is also of importance to ensure that the isolated strains properly colonize the root system under the plant growth conditions utilized.
Furthermore, an essential plant growth test and a salt tolerance test cannot be ignored.
Notably, Enterobacter sp. N10 showed prominent PGP traits both in vitro assay and in pot experiment and contributed to a considerable increase on the growth of H. tuberosus and wheat. Furthermore, N10 showed the strongest salt tolerance. As the PGP effect is highly variable and dependent on environmental conditions (Boddey et al. 1991) , further studies are required. In particular it is important to perform field experiment to evaluate the promoting effect in natural conditions in order to develop an inoculant for wheat in future field applications. Tables   Table 1. Assessment of chemical properties of the rhizosphere soil sample   Table 2 . Genus identification and nitrogen fixation ability of the isolated strains Table 2 ). D r a f t 
